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Abstract 
 
Curing behaviour and thermo-mechanical properties of a technical grade of N,N,N’,N’-
tetraglycidyl-4,4’-diamino-diphenylmethane (TGDDM-AralditeMY721), cured in the presence of an 
anhydride hardener mixture consisting of maleic anhydride (MA) and pyromellitic acid dianhydride 
(PMDA) was studied by calorimetric and dynamic mechanical analysis. Cure kinetics and the influence 
of varying stoichiometric anhydride to epoxy ratios were evaluated and the apparent activation energy 
was calculated according to Barrett’s method. High extents of conversion from DSC studies of the 
MY721-resin were reached after a room temperature cure, without an added catalyst, for 24 hours 
followed by a post-curing step of 1 hour at 90°C. Ultimate glass transition temperatures for the molar 
anhydride/epoxy ratio, r=0.8 were close to the decomposition temperature and indications were 
obtained that the network structure consists of two independent sub-networks. It is suggested that two 
separate mechanisms contribute to the curing reaction at room temperature. First the tertiary amine 
structure, intrinsic to aminoglycidyl-resins, may act as an internal catalyst for the anhydride ring 
opening, and secondly, the unsaturated bond of MA participates in the curing reaction by nucleophilic 
attack, such as from tertiary amines or carboxylate or alkoxide anions. From a study of a range of 
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different amino-glycidyl resins, this low-temperature curing behaviour is found to be a general 
phenomenon. 
 
Keywords: Epoxy-Anhydride Curing, Low Temperature Curing Networks, Inhomogeneous Networks.  
 
1 Introduction 
 
Epoxy resins are one of the most versatile polymers and thus widely used in technical 
applications such as coatings, encapsulations, structural composites, castings, and adhesives [1]. 
Today, epoxy systems can be generally classified with respect to their curing temperatures, i.e., low 
curing temperatures and high temperature curing systems [2]. Epoxies requiring curing temperatures 
beyond 120°C belong to the group of high temperature curing systems and conventionally they involve 
hardeners like cycloaliphatic or aromatic amines, polyphenols, dicyandiamides, isocyanates, and 
carboxylic anhydrides. On the other hand, epoxy resins that are curable at room or slightly elevated 
temperatures (< 120°C), are called low temperature curing formulations, and commonly used 
hardeners are primary and secondary aliphatic amines, polyaminoamides or thiols [3]. 
The group of carboxylic acid anhydrides is one of the most important high temperature curing 
agents used for the conversion of epoxy resins to highly crosslinked, glassy, three-dimensional 
networks [4, 5]. Especially for electrical applications, anhydride hardeners show some outstanding 
properties, i. e. low exotherm and shrinkage during curing, as well as low water absorption and almost 
internal stress free systems after curing. Therefore, and because of their excellent electrical insulation 
properties anhydride cured systems are widely used as electrical insulation materials at all voltage 
levels.  
The disadvantage of anhydride-curing agents is that they require high curing temperatures to 
initiate the curing reaction and to reach the advanced property/performance profile in terms of glass 
transition temperature, mechanical and thermal stability at elevated temperatures. The high curing 
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temperatures result in high-energy consumption, long processing cycles and difficult handling of tools 
and moulds. On the other hand, low temperature curing systems usually have an inadequate property 
profile at elevated temperature, which often limits their technical usage. The challenge is to achieve the 
low temperature processing and curing of anhydride/epoxy systems and also attain the advanced 
property-profile of systems cured at higher temperatures. 
In the late seventies, Graham and co-workers suggested this could be achieved with 
epoxy/anhydride systems cured at low temperatures [6, 7]. They used a system based on a trifunctional 
4-glycidyloxy-N,N-diglycidylaniline (TGPAP) resin cured with a mixture of cyclic carboxylic acid 
anhydrides consisting of benzophenone tetracarboxylic acid dianhydride (BTDA) and maleic anhydride 
(MA). They reported that these systems completely cured in 1 hour at 120°C and reached a heat 
deflection temperature (HDT) of 167°C. Vohwinkel et al. [8] carried out further work where they 
investigated various resins and hardener combinations based on aminogylcidyl/anhydride systems 
cured at temperatures below 120°C. The conclusion of both exploratory works questioned for the first 
time that epoxies containing anhydrides without any external catalyst as curing agents could only be 
cured at high temperatures.  
This paper presents an accelerator-free epoxy/anhydride-system, which is able to undergo a 
crosslinking reaction at ambient temperatures, and after a post-cure at 90oC has a thermo-mechanical 
property profile (Tg), which is similar to that of high performance epoxy-formulations cured at high 
temperatures. 
1.1 Curing mechanism 
 
The mechanisms of the complex, non-catalyzed epoxy-anhydride curing reactions have been 
extensively studied [9-12]. It is known that esterification and etherification as presented in Figure 1 for 
the anhydride HHPA (hexahydrophthalic anhydride) are the principal curing reactions [3, 9]. During the 
hydroxyl-anhydride initiation, the OH-group donates its proton and thus opens the anhydride ring and 
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generates an ester group and a carboxylic acid group. The carboxylic acid then reacts with another 
epoxy group, forming a diester (eq. (2) and eq.(3)) yielding a secondary hydroxyl group. Ideally, this 
reaction proceeds now by the alternating addition of anhydride and epoxy until the sequence is 
terminated by condensation of one terminal carboxylic acid and alcohol to an ester linkage. The 
etherification reaction in eq. (4) is the epoxy-homopolymerization, which is a competing reaction. The 
epoxy reacts with a hydroxyl group to form an ether linkage. The hydroxyl groups, which are necessary 
for the initiation step (eq. 1) are formed during the epoxy homopolymerization (eq. 4) or are present as 
impurities of the epoxy monomer [13]. 
 
2 Experimental  
 
2.1 Materials used 
 
A commercial tetrafunctional aminoglycidyl-resin, AralditeMY721(Vantico) mainly based on 
N,N,N’,N’-tetraglycidyl-4,4’-diamino-diphenylmethane (TGDDM) was cured with a combination of two 
different carboxylic acid anhydrides as hardeners: maleic anhydride (MA) and pyromellitic-dianhydride 
(PMDA) as shown in Table 1. All systems in this paper used a MA/PMDA ratio of 3/2 by weight. The 
molar anhydride/epoxy ratio, r, was varied in different under-stoichiometric molar ratios of 0.4, 0.64, 
and 0.8, respectively. Other amino glycidyl epoxy resins examined were also technical grades:  N,N-
diglycidylaniline (Rütapox EPD-AN; Bakelite); 4-glycidyloxy-N,N-diglycidylaniline (AralditeMY0510, 
Vantico); N,N,N’,N’-tetraglycidyl-4,4’-diamino-diphenylmethane (AralditeMY720, Vantico) 
 
2.2 Sample Preparation 
The epoxy monomer was preheated to 60°C to reduce the initial viscosity of the epoxy resin 
and the premixed hardener-mixture was added and dissolved with an Ultraturrax-high shear mixer at 
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13,500 rpm for 5 minutes to obtain a homogeneous mixture. To prevent a temperature rise and any 
further reaction during mixing, all samples were cooled during the mixing process in ice water. 
Afterwards, the mixture was degassed for 3 minutes at pressures below 100 mbar. 
2.3 Differential Scanning Calorimetry (DSC) 
 
As the reaction rate at 23oC is extremely low, isothermal DSC cannot be used due to the low 
heat flow. Therefore, dynamic calorimetric measurements were used to determine the extent of 
reaction, α, and the apparent activation energy, Ea. All measurements were carried out with a Perkin-
Elmer DSC-7 equipped with an intracooler. Samples of the mixture with a weight of 20 ± 2 mg were put 
into sealed  DSC pans with a pin hole in the lid. All DSC-runs were cooled to –30°C and heated at a 
rate of 10°C/min to 280°C under a nitrogen atmosphere. For the kinetic studies the mixtures were 
partially cured at room temperature (23°C) for time intervals between 0 and 675 hours, afterwards a 
dynamic scan was made to determine the residual reaction enthalpy. 
The recorded heat flow data were processed to obtain the fractional conversion, α, and the rate 
of reaction under the basic assumption that the heat flow is proportional to the reaction rate, dt/dα . 
For an exothermic reaction, eq. (4) applies: 
dt
d
~
dt
dH α
−  (4) 
The fractional conversion was calculated by the residual enthalpy of curing from dynamic DSC scans 
according to [14] by eq. (5): 
TT
RT
H
H
H
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∆
∆
∆
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−
=  
RH∆ = Residual reaction heat in a dynamic DSC-scan of a sample, partially cured for 
a specific time at 23°C. 
 
(5) 
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TH∆ = Total reaction heat evolved in a dynamic DSC-scan directly after mixing the 
components (t=0) 
 
The determination of the apparent activation energy from the dynamic DSC scans was 
processed according to the relation from Barrett [15]: 
nkfk
dt
d )1()( ααα −==
 
(6) 
Where f(α) is a function of the fractional conversion, α, and dα/dt is the rate of conversion at a given 
time and temperature. f(α) is assumed to be a n-th order kinetic function and k is assumed to have an 
Arrhenius-temperature dependence, eq. (7):  
)/(exp RTEAk −=  (7) 
where A is a constant, R is the universal gas constant , E is the activation energy, and T is the absolute 
temperature in Kelvin. Combining eq. (6) and eq. (7) yields eq (8): 
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Finally eq. (8) can be rearranged using eq. (9) and eq.(5) and written in the logarithmic form to give 
eq. (10): 
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Thus as long as n-th order kinetics are followed, it is possible to plot the left hand side as a function of 
1/T to obtain the reaction order, n, from the best linear plot, and the activation energy from the slope. 
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2.4 Dynamic Mechanical Analysis (DMA) 
The dynamic mechanical analysis was performed with a Perkin-Elmer DMA-7e analyser 
provided with three point bending equipment with a 15mm span length. Specimens of 18x4x2mm were 
cast into a steel mould and cured at room temperature. All runs were carried out at a frequency of 1 Hz 
and a heating rate of 5°C/min in a temperature range from 30°C to 300°C under inert helium 
atmosphere. Glass transition temperatures were determined by using the onset of the loss factor, tanδ, 
as this gives values closer to Tg from DSC and TMA than the alternative value of the temperature for 
the maximum in tanδ  [16]. 
3 Results and Discussion 
 
3.1 MY721-MA-PMDA System (A/E= 0.8) 
 
The mono-anhydride, MA, both reduces the curing temperature of the formulation and also 
improves the solubility of the aromatic PMDA (Tm=284°C) in the epoxy monomer. Without the presence 
of MA, PDMA has negligible solubility in the epoxy resin at room temperature. 
The curing reaction started directly after adding the hardener mixture to the epoxy resin and a 
visible change in colour from light yellow to a deep red-green was observed. This is consistent with the 
formation of a charge transfer complex between the tertiary amine structure of the epoxy monomer and 
maleic anhydride [17]. After curing at room temperature between 16 and 24 hours a gelled solid had 
formed. There was no detectable increase of the internal sample temperature during cure. Moreover, 
the system cured without the addition of external accelerators or other chemicals acting as a catalyst. 
The overall cure behaviour of the MY721-resin in combination with only MA or PMDA and the 
mixture of both hardeners in a molar anhydride to epoxy ratio of r=0.8 was followed by using dynamic-
DSC analysis (Figure 2). From the area under the exotherms, a total reaction enthalpy of 154J/g for the 
MY721/PMDA and 365J/g for the MY721/MA formulation was obtained. The mixture of both anhydrides 
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yields a reaction enthalpy of 381J/g, which is in the range of other reported anhydride epoxy systems 
[18, 19]. It is interesting to note that in the case of the co-anhydride mixture a simple mixing rule (based 
on either weight fraction or on molar fraction calculations) cannot be applied to predict the experimental 
measured reaction enthalpy. It appears that the anhydride hardener combination triggers a further 
reaction leading to an additional contribution to the exothermic curing reaction. 
Furthermore, the combination of both hardeners results in two separate exothermic peaks in the 
kinetic DSC-scan, which partially overlap. The two observed exothermic peak temperatures, Tp, when 
using a mixture of both anhydride hardeners can be assigned to the PMDA-epoxy reaction at around 
100°C and that at 150°C to the MA-epoxy reaction. The observed two-step curing mechanism indicates 
that the TGDDM-PMDA reactivity is significantly higher compared to the TGDDM-MA reaction. The 
higher reactivity of the PMDA compared to MA under the same curing conditions may be related to the 
difunctionality of the PMDA. It is believed that the homopolymerization according to eq. (4) for this 
system can be neglected and that the esterification reactions (eq. 2 and eq. 3 in Figure 1) are the 
dominating reactions for the network build up. 
An isothermal cure below 75°C did not show a detectable signal in a DSC apparatus indicating 
a low reaction rate as the physical state of the material changed from liquid to solid. It is surprising that 
a curing reaction starts at room temperature, ultimately yielding gelled solids. One explanation for this 
effect could be the catalyzing properties of the aminoglycidyl monomers, which are tertiary amines and 
thus may be an internal catalyst for the anhydride ring. However, it has never been reported before that 
a curing reaction between anhydrides and aminoglycidyl resins can already start at room temperature, 
with cure temperatures of 80o to 1200C being reported [18]. 
However, after an isothermal cure interval of 24 hours at room temperature (Figure 3; curves b) 
to f)) the exothermic reaction peak related to the MA-epoxy reaction disappeared completely and only 
the exothermic peak, assigned to the PMDA-epoxy reaction, remained detectable. It is concluded that 
the chemical reaction corresponding to the MA consumption is finished completely after an isothermal 
cure at 23°C in less than 24 hours. A reasonable explanation could be that, in contrast to most cyclic 
 Page 9  
anhydrides, MA may react differently as suggested by Lee and Neville [5]. They reported for the use of 
MA a higher functionality than that related to the reaction only with the anhydride group. It is believed 
that segments of MA can additionally participate in the catalyzed epoxy-anhydride reaction by 
nucleophilic attack of the carboxylate or alkoxide anions on the carbon-carbon double bond of MA, 
according to the proposed reaction path from Fischer [20] as schematically shown in Figure 4. 
Alternatively MA-homopolymerization as described by Ricca and Severini [21] may occur leading to 
oligomeric segments in the network structure. Clearly the use of MA in the hardener formulations 
introduces the possibility of several different sub-networks in the final cured resin. This is in contrast to 
single-anhydride hardener systems. 
In all DSC-traces (Figure 3), a remaining endothermic peak at 283°C was observed which 
corresponds to the melting temperature of PMDA, presumably from undissolved or partially 
recrystallized PMDA-hardener. An estimation of the undissolved PMDA-content by calculating the 
residual melting enthalpy indicates that the crystalline anhydride residue of PDMA is between 6-10% of 
weight based on the total PMDA content. The broad exothermic reaction, which starts above 250°C 
reflects the onset of thermal degradation reactions, which is in accordance with earlier reported results 
from Morgan et al. [22]. 
The conversion of cure,α, of the partially cured epoxy at room temperature was calculated 
according to the residual heat method of dynamic DSC-scans (eq. 5) for the MY721/MA/PMDA-system. 
The result is illustrated in Figure 5, wherein a maximum fractional conversion of almost 80% was 
reached after isothermal cure at 23°C. Furthermore, it is obvious that after less than 24 hours the 
curing reaction becomes diffusion controlled by approaching the point of vitrification, resulting in a 
significant reduction of the reaction rate. 
Additionally, the residual reaction heat from single dynamic DSC-scans allows the calculation of 
the activation energy, Ea, by Barrett’s relation [15]. Considering the nature of the complex crosslinking 
reactions, the activation energy obtained incorporates all the different multi-steps of the anhydride-
epoxy reaction, and must be considered, at best, as an ”apparent” activation energy. Further, in order 
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to simplify the analysis and for purposes of comparison, it was assumed that there are no other 
enthalpic events than the chemical reaction of curing which contribute to the heat flow and that the 
curing reaction follows a first order reaction. It is recognized that the reaction order in the MY721-
system will be more complex and many underlying assumptions in the DSC analysis may not be valid 
[10]. A typical Barrett-plot of the investigated system is depicted in Figure 6. One interpretation of the 
curved plot is that the overall reaction can be split into two independent reaction steps with different 
activation energies. This cannot totally fit the data up to very high temperatures but two apparent 
activation energies were calculated with 105 kJ/mol for the low cure temperature region and 186 kJ/mol 
for the higher cure temperature region, respectively. The sharp slope increase at temperatures above 
220°C can be related to the onset of thermal degradation and is beyond the practical range of cure. 
The obtained activation energies are higher compared to reported epoxy-anhydride formulations, which 
range from 53 kJ/mol for tetraglycidyl-bis[(amino-methyl)phenyl]cyclohexane cured with PMDA [23] to 
82 kJ/mol for the standard amine cured aerospace formulation of TGDDM-DDS [24] studied by DSC or 
91kJ/mol studied by a combination of NIR-spectroscopy and isothermal DSC [25]. However, the 
discrepancy of significant higher apparent activation energies obtained from Barrett’s relation compared 
to other analytical methods has been addressed before [26, 27]. If the two activation energies as 
shown in Figure 6 have a physical meaning, then a possible interpretation is the effect of catalytic 
impurities in the TGDDM resin, in particular –OH containing species [28,29]. One way of observing this 
is through the effect of changing the ratio, r, of anhydride to epoxy groups, as discussed in the next 
section. 
 
3.2 Influence of varying the anhydride to epoxy ratio 
 
The influence of varying the epoxy excess, i.e. changing the molar anhydride to epoxy ratio 
between r=0.4 and r=0.8, is a slight increase of the reaction rate as shown in Figure 7. Both exothermal 
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peak temperatures shifted to higher temperatures with an increasing molar anhydride/epoxy ratio as 
indicated by the arrows in Figure 7. This effect possibly is explained by the higher initial concentration 
of hydroxyl-groups with increasing epoxy excess (ie. decreasing r). An accelerating effect for the 
reaction with respect to a higher initial hydroxyl-group concentration was also reported before by 
Corcuera et al. [28] for anhydride cured TGDDM monomers and by St John et al. [29] for an amine 
cured TGDDM system. 
The evolved reaction heat obtained from dynamic-DSC experiments (expressed per anhydride 
equivalent) is plotted versus the stoichiometric ratio in Figure 8, wherein the reaction enthalpy is 
increasing with an increasing epoxy excess (decreasing r). A maximum value of -∆H≈128kJ/equivalent 
anhydride for the MY721-MA/PMDA system was obtained at a molar anhydride/epoxy ratio of r≈0.5. 
Reducing the stoichiometric ratio of the system below r≈0.5 shows no further increase and the reaction 
enthalpy remains on a plateau level. It is assumed that the maximum r-value (r≈0.5) up to where the 
reaction heat is stable, can be assigned to the composition optimum where the complete reactive 
anhydride groups are consumed by reactions as described by step (2) and step (3) in Figure 1. When 
the epoxy excess is decreasing (increasing r) to stoichiometric ratios above r≈0.5 the anhydride will not 
be fully consumed, leading to the conclusion that part of the anhydrides simply do not react or that 
other side-, competitive- and or consecutive-reactions can occur. However, these possible reactions 
cannot be assigned to the epoxy homopolymerization reaction (step (4) in Figure 1), because it 
contradicts several other studies about the homopolymerization of TGDDM-resins. Morgan and Mones 
[22] concluded that in a pure TGDDM resin, without the addition of hardeners, the tertiary amine groups 
on TGDDM are unable to initiate the homopolymerization reaction below 200°C or catalyze the 
etherification reaction in the same way as a Lewis acid or another tertiary amine. Costes et al. [30] 
proposed further that the prevention of the homopolymerization could be due to the steric hindrance of 
glycidyl-groups on TGDDM and the delocalization of the lone electron pair on the nitrogen. 
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 In a recent study of a related system (TGDDM with hexahydrophthalic anhydride) [35], it was 
shown that homopolymerization takes place only with formulations with epoxy excess and at high 
temperatures. The reaction heat (expressed per anhydride equivalent as in Figure 8) also showed a 
decrease with increase in the ratio, r, reflecting the importance of –OH containing impurities in the 
reaction pathway. 
 
3.3 Dynamic mechanical analysis (DMA) 
 
Dynamic mechanical analysis was performed from 30°C to 300°C for the MY721/MA/PMDA-system 
with varying anhydride/epoxy ratios and different curing intervals. As noted earlier, the onset of the loss 
factor, tan δ, was assigned to the α-relaxation, associated with the glass transition temperature (Tg). A 
DMA-run for the mixture of r=0.8 that was isothermally cured at 23°C for 2 weeks is shown in Figure 9. 
In general, several events were observed in the loss factor curve and a moderate reduction in the 
storage modulus was found in the temperature range between 25°C and 100°C. The low temperature 
loss factor peak with an onset at around 25°C (step Ι in Figure 9) suggests a sub-glass transition, 
perhaps caused by an underlying and not fully converted TGDDM-PMDA network. When ramping the 
temperature further, at around 100°C the storage modulus starts to increase again and above 150°C 
the curves approach their original value again, and stay approximately constant, indicating a post-cure 
reaction of the unreacted amount of PMDA that was not fully consumed during a room temperature 
cure. PMDA is present in an undissolved form in the network as seen as endothermic reaction from 
DSC (Figure 3). The second relaxation, with an onset point for the increase in loss factor at 220°C 
(step ΙΙ in Figure 9) can be related to the ultimate Tg for the network. The third feature (step ΙΙΙ in Figure 
9) corresponding to a large change in the loss factor above 275°C is consistent with degradation of the 
network as seen by a DSC exotherm (Figure 3). Additionally, the different reaction rates for both 
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anhydrides, as obtained from the DSC experiments, give more evidence of the development of an 
inhomogeneous network structure during cure.  
To prevent the observed modulus decrease associated with the loss peak Ι, which can be related to a 
post-curing TGDDM-PMDA reaction during the DMA-run, the cure schedule was expanded by an 
additional post-curing step at 90°C. This heat treatment further showed a technical advantage in 
reduction of the overall process times by shortening the extremely long room temperature curing 
periods of 4 weeks. Therefore, sets of samples were first gelled for 24 hours at 23°C followed by a heat 
treatment at 90°C for 1 hour. 
 
The influence of the variation of the cure conditions on the thermo-mechanical properties was analysed 
and the results are plotted in Figure 9 by the solid curve. It is obvious that the transitions decreased 
significantly in the magnitude of tan δ as well as modulus change, however a minor change in both the 
storage modulus and loss factor below Tg are still visible. The TGDDM-PMDA related maximum of the 
loss factor curve (step Ι) flattened markedly and shifted simultaneously with an onset temperature 
around 60°C. In contrast, the ultimate glass transition temperature (step ΙΙ) remains almost at a stable 
onset temperature around 220°C but the magnitude of this relaxation is very small. The significant 
increase in tan δ (step ΙΙΙ) is again consistent with the onset of thermal degradation. The DSC 
measurements (see Figure 3 and Figure 5) where a remaining exothermic reaction enthalpy is 
detectable commencing around 75oC and an overall calculated fractional conversion of 80% was 
obtained, are consistent with the DMA data and indicate that the TGDDM-PMDA reaction was not 
complete during room temperature curing. It is possible that the data for the glass transition 
temperatures by DMA are affected by curing reactions during the time of the measurements, which 
were made at 5°C/min. For all mixtures, the apparent final glass transition temperature was significantly 
higher than the maximum cure temperature, even if an exothermal cure reaction from 75°C was 
detectable in DSC-measurements, which is in accordance with the results from Graham et al. [6]. The 
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post-cure during DMA is only significant at temperatures below 100oC (as seen in Figure 9 by the 
recovery in the modulus during cure) and does not significantly affect the ultimate Tg, particularly after 
post-cure at 90oC.  
The overall relaxational behaviour of samples with varying anhydride/epoxide ratios, r, cured at 
23°C over curing time of 24 hours and followed by a post-curing step of 1 hour at 90°C is illustrated in 
Figure 10. The magnitude of tan δ decreased with increase in r and the maximum are difficult to discern 
consistent with an increased crosslink density. The change in storage modulus (E’) is easier to observe 
and suggests that the highest glass transition temperature was measured for an anhydride to epoxy 
ratio of r=0.8 in good agreement with other reported studies of anhydride cured epoxies, wherein the 
optimal stoichiometric anhydride to epoxy ratio has been reported between r=0.8 to r=0.9 [6, 31]. 
However, from the data for the total heat of reaction (Figure 8) it could be concluded that the best 
stoichiometric composition is around r=0.5 for the investigated system. Clearly side reactions are 
important in attaining the optimum network. 
 
3.4 Other Aminoglycidyl Monomers 
 
To demonstrate the general low temperature curing behaviour for different types of aminoglycidyl resins 
the investigations were extended to other commercially available aminoglycidyl resins with different 
monomer functionalities. Therefore, the difunctional N,N-diglycidylaniline (Rütapox EPD-AN; 
Bakelite),the trifunctional 4-glycidyloxy-N,N-diglycidylaniline (AralditeMY0510, Vantico), as well as 
another tetrafunctional N,N,N’,N’-tetraglycidyl-4,4’-diamino-diphenylmethane resin (AralditeMY720) 
were studied in identical experiments to those performed with the MY721-epoxy resin. The differences 
between the two technical TGDDM-grades, MY720 and MY721, can be mostly found in their impurity 
profile [32, 33]. In general, MY720 is a less-pure version with a TGDDM-monomer content of 63% and 
higher content of hydroxyl impurities than MY721 which has a TGDDM-monomer content of around 
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79%. Moreover, the significant higher level of dimers and oligomers in MY720-resin results in a higher 
viscosity and lower epoxy content [34]. 
Dynamic DSC-scans directly after mixing the components (i.e. without any pre-curing at room 
temperature) for the investigated epoxy-MA/PMDA combinations in a stoichiometric ratios of r=0.8 are 
summarized in Table 2. All investigated systems reveal two, partially overlapping, exothermal reaction 
peaks as discussed before. Characteristic values of onset temperatures are in the range of 30°C to 
50°C. Maximum peak temperatures of the exothermic reaction are located between 140°C and 150°C 
depending on the epoxy monomer used. Beyond this, an accelerating effect for the reaction with 
respect to a higher initial hydroxyl-group concentration was shown in MY720 compared to MY721, 
where the maximum peak temperatures shifted to higher temperature in proceeding from the MY720-
system to the purer MY721. The trifunctional TGPAP-resin gave the highest values exothermal peak 
temperatures, indicating the lowest reactivity. A TGPAP-monomer contains, besides two aminoglycidyl 
groups, also one oxygen-glycidyl group, which is less reactive and, consequently, higher peak 
temperatures were obtained. This is in accordance with the work from Jagadeesh et al. [24], who 
observed an increase in the activation energy when partially replacing TGDDM with TGPAP in a 
standard amine cured TGDDM/DDS-system. 
Finally the claim from Graham [7] that a combination consisting of triglycidyl-para-aminophenol 
(TGPAP) and benzophenone tetracarboxylic dianhydride (BTDA) in combination with maleic anhydride 
(MA) is the only example of a system achieving a high Tg after cure at room temperature must therefore 
be expanded. These studies demonstrate that all investigated aminoglycidyl resins are able to undergo 
curing reaction without the addition of catalyst at ambient temperatures, independent of the functionality 
of the epoxy-monomers, in particular when the hardener combination of MA/BTDA (described by 
Graham [7]) is changed to MA/PMDA.  
 
4 Conclusions 
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The dependence of the cure kinetics and the dynamic mechanical behaviour of different technical 
grades of aminoglycidyl-resins cured with a mixture of pyromellitic dianhydride and maleic anhydride 
was investigated. Based on these accelerator free, and room temperature curable epoxy-formulations, 
the changes in curing reaction and network formation have been studied for different molar ratios of 
anhydride to epoxy. Unlike previously reported anhydride-epoxy curing reaction, the polymerisation 
already starts at room temperature directly after mixing the components yielding high extents of 
fractional conversion (between 75 and 80%), during a long-term room temperature cure over several 
days. There is evidence for PMDA remaining as undissolved crystalline material after cure. It is 
believed that probably the aminoglycidyl resin, which as a tertiary amine, provides the catalytic sites 
itself, may catalyse the anhydride ring opening. Additionally, it is proposed that possible nucleophilic 
attack on the inherent unsaturation of maleic anhydride or homopolymerization of MA in the presence 
of the tertiary amine inherent in the resins structure, contributes to the observed room temperature 
curing capability in the presence of other carboxylic acid anhydrides. The results from DSC 
experiments suggest that there is a synergistic effect between MA and PMDA, i.e. together they react 
differently compared to the individual use of each hardener in the presence of aminoglycidyl resins. The 
calculated apparent activation energy based on an assumed first order reaction show a two step 
mechanism with an apparent activation energy of 105 kJ7mol and 186 kJ/mol, respectively. Moreover, 
is was found that formulations that contain a higher initial hydroxyl concentration, due to an epoxy 
excess or higher content of impurities, exhibited a higher reactivity. An increase in the reaction heat 
expressed per anhydride equivalent with decreasing stoichiometry was ascribed to side reactions that 
occur.  
Curing at only low temperature (23°C) did not lead to fully converted networks and subsequently 
a discontinuous curve of the storage modulus as well as mechanical loss factor over temperature was 
observed that can be attributed to incomplete conversion. For room temperature cured samples two 
peaks in the loss factor curve were observed. It was demonstrated that a post-curing step of 1 hour at 
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90°C after a previous 24 hours room temperature curing period removes the low temperature peak in 
tan δ  and avoids the modulus drop in the low temperature range. Further, it shortened the processing 
times to a practical level for technical applications. The extremely high glass transition temperatures as 
determined from dynamic mechanical analysis, especially for the tetrafunctional AralditeMY721 
epoxy-resin, indicate that the systems are highly crosslinked. The ultimate glass transition temperature 
was significantly higher than the selected curing temperature (max. 90°C). In common with other 
epoxy/anhydride mixtures, Tg was found to increase as the anhydride/epoxy ratio increased. Above 
275°C, the rapid increase in tan δ indicates onset of degradation of the network. 
 
5 Acknowledgements 
We would like to thank Yvo Dirix from ABB Corporate Research for the valuable discussions and 
support. 
 
6 References 
 
[1] Kaiser T. Prog. Polym. Sci 1989;14:373. 
[2] Ellis B. Chemistry and Technology of Epoxy Resins, 1, Glasgow: Blakie Academic 
Professional, 1993. 
[3] Hamerton I. Recent Development in Epoxy Resins, Shawbury: Rapra Technology, 1996. 
[4] May C.A. Epoxy Resins, New York: Marcel Dekker, 1988. 
[5] Lee H., Neville K. Handbook of Epoxy Resins, New York: McGraw-Hill, 1967. 
[6] Graham J.A., O`Conner J.E. Adhes. Age 1978;21:30. 
[7] Graham J.A. US4.002.599; 1977. 
[8] Vohwinkel F. DE 198 28 248; 1998. 
[9] Steinmann B. J. Appl. Polym. Sci. 1989;37:1753. 
[10] Matejka L., Lovy J., Pokorny S., Bouchal K., Dusek K. J. Polym. Sci., Polym. Chem. Ed. 
1983;21:2873. 
 Page 18  
[11] Fisch W., Hofmann W. J. Polym. Sci. 1954;12:497. 
[12] Fisch W., Hoffmann W., Kaskikallio J. J. Appl. Chem. 1956;6:429. 
[13] Podzimek S., Dobas I., Svestka S., Horalek J., Tkaczyk M., Kubin M. J. Appl. Polym. Sci 
1990;41:1161. 
[14] Montserrat S., Flaque C., Page P., Malek J. J. Appl. Polym. Sci 1995;56:1413. 
[15] Barrett K.E.J. J. Appl. Polym. Sci 1967;11:1617. 
[16] Foreman J.A., Lundgren C.J., Gill P.S. TA-Instruments Applications Library TA-090: 
[17] Simms J.A., Corcoran P.H. Progress in Organic Coatings 1995;26:217. 
[18] Patel R.G., Ravji D., Patel R.D., Patel V.S., Ranjan G., Vithal S. J. Therm.  Anal. 1988;34:1283. 
[19] Prime R.B. In: Turi EA. Thermal Analysis, New York: Academic Press, 1981. pp. 435. 
[20] Fischer R.F. Journal of Polymer Science 1960;44:155. 
[21] Ricca G., Severini F. Polymer 1988;29:880. 
[22] Morgan R.J., Mones E.T. J. Appl. Polym. Sci. 1987;33:999. 
[23] Patel S.P., Sandeep R., Patel R.G., G. R. Thermochim. Acta  1992;202:97. 
[24] Jagadeesh K.S., Siddaramaiah, V.Kalpagam. J. Appl. Polym. Sci 1990;40:1281. 
[25] De Bakker C.J., St John N.A., George G.A. Polymer 1993;34:716. 
[26] Boey F.Y.C., Qiang W. Polymer 2000;41:2081. 
[27] Severini F., Gallo R., Marullo R.J. Thermal Analysis 1982;25:515. 
[28] Corcuera M.A., Mondragon I., Riccardi C.C., Williams R.J.J. J. Appl. Polym. Sci 1997;64:157. 
[29] St John N.A., George G.A., Cole-Clark P.A., Mackay M.E., Halley P.J. High Perform. Polym. 
1993;5:21. 
[30] Costes B., Geyx D., Platzer N. Macromol. Chem. 1989;190:349. 
[31] Guerrero P., De la Caba K., Valea A., Corcuera M.A., Mondragon I. Polymer 1996;37:2195. 
[32] Sourour S., Kamal M.R. Thermochim. Acta  1976;14:41. 
[33] Grenier-Loustalot M., Grenier P. Brit. Polym. J. 1990;22:286. 
[34] Chaudhari M. Int. SAMPE Symp.: Ardsley,  USA, 1986. 
 Page 19  
[35] Mauri, A.N. and Riccardi, C.C. J. Appl. Polym. Sci., 2002; 85:2342.  
 Page 20  
 
Initiation  
 
COOH
COO
R1
R1
O
O
O OH+
k1
 
(1)
Esterification  
 
COOH
COO R1 O
CHCH2 CH2 R2
COO
COOCH2 CH OH
C
H2
R2
R1
+ k2
 
(2)
COO
COOCH2 CH OH
C
H2
R2
R1 O
O
O
R1
O
O
OHCOO
COOCH2 CH
C
H2
R2
O
+
 
(3)
Etherification  
 
+ CH2 CH CH2 R1O
OH
HO R2CH2 CH CH2 R1
O
R2
Cat.
 
 
(4)
Figure 1: Idealized reaction scheme of uncatalyzed epoxy/anhydride system 
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Table 1: Epoxy resins and anhydride hardeners used 
 
Chemical Structure Chemical Name Commercial Name 
O
O
O
O
CH2 NN
 
 
N,N,N’,N’-Tetragylcidyl-
4,4`diaminodiphenylmethane 
(TGDDM) 
AralditeMY721, 
 
supplier Vantico 
 
OO O  
2-furandione , 
 
maleic anhydride 
(MA) 
Supplier Fluka 
OO
O
O
O
O  
1,2,4,5-benzenetetracarboxylic 
anhydride, 
 
pyromellitic dianhydride 
(PMDA) 
Supplier Fluka 
 
 
 
 
 
 
 
 
 
Table 2: DSC-cure characteristics of different epoxies- MA/PMDA combinations for an anhydride to epoxy ratio of 
r=0.8; Ti, temperature of the onset of curing; Tp, temperature of the maximum peak of curing; Tf, 
temperature of the completion of curing 
 
Resin Ti  
[°C] 
Tp  [°C] Tf 
[°C] 
H∆−  
[J/g] 
MY720 33.0 104.3 / 137.3 242.3 355.2 
MY0510 54.8 109.4 / 154.6 229.0 417.0 
EPD-AN 29.8 121.2 / 144.2 218.9 438.8 
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Figure 2: Dynamic DSC scans for pure anhydride systems (only PMDA or MA) and the mixture (MA/PMDA =3/2 w/w) in 
MY721-resin system in a molar anhydride/epoxy ratio, r=0.8, in the uncured state directly after mixing. Heating 
rate 10°C/min 
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Figure 3: DSC-thermograms of evolved reaction heat in a MY721/MA/PMDA-system (r=0.8) over a time interval 
a) directly after mixing, b) 24 hrs, c) 72 hrs, d) 1 weeks, e) 4 weeks, f) 5 weeks. All samples isothermally 
cured at 23 °C 
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Figure 4: Reaction of anhydrides with tertiary amines to carboxylate (1) and the nucleophilic attack of the unsaturation of 
maleic anhydride (2) as proposed by Lee and Neville [5] 
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Figure 5: Conversion of MY721/MA/PMDA, r = 0.8, versus time, isothermally cured at 23°C. 
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Figure 6: Barrett plot for the MY721/MA/PMDA system with a fixed anhydride to epoxy ratios, r=0.8 
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Figure 7: Dynamic DSC scan for MY721/MA/PMDA systems containing different stoichiometric ratios a) 0.4; b) 0.64; c) 
0.8; Ti, temperature of the onset of curing; Tp, temperature of the maximum peak of curing; Tf, temperature of the 
completion of curing 
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r Ti [°C] Tp [°C] Tf [°C] -∆H [J/g] 
0.4 23.1 99.1 / 143.7 224.7 323.7 
0.64 26.2 102.2 / 145.6 238.7 380.1 
0.8 43.5 104.7 / 151.0 247.9 372.8 
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Figure 8: Reaction heat for MY721-MA/PMDA System as a function of the stoichiometric ratio, r = anhydride 
groups/ epoxy groups 
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Figure 9: Storage modulus and tan δ evolution of the MY721/MA/PMDA-systems as a function of temperature for fixed 
molar anhydride/epoxide ratio of r=0.8 and different postcure conditions. Dotted line cured at 24hrs at 23°C, solid 
line cured for 24hrs at 23°C and postcured 1hr at 90°C. 
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Figure 10: Storage modulus and tan δ evolution of the MY721/MA/PMDA-systems as a function of temperature for 
different molar anhydride/epoxide ratios. Samples are isothermally cured for 24 hrs at 23°C + 1hr at 90°C 
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